Partial loss of function mutations in DnaK, the Escherichia coli homologue of the 70-kDa heat shock proteins, affect highly conserved amino acids implicated in ATP binding and hydrolysis ( 
The 70-kDa heat shock proteins (hsp70) form a major ubiquitous family of proteins whose rate of synthesis is highly responsive to changes in temperature. Prokaryotic cells have a single heat-inducible member of this family, called DnaK, whereas eukaryotic cells have multiple family members. Some eukaryotic hsp70s are temperature-inducible but others are synthesized constitutively or even negatively regulated by temperature upshift. The hsp70s are essential in both prokaryotic and eukaryotic cells, share extensive sequence homology, and exhibit a number of similar biochemical properties including a high binding affinity for ATP and a weak ATPase activity. Interaction with other proteins, either to maintain or alter their conformation in an ATP-dependent fashion, appears to be the basic biological activity of hsp70 (1) (2) (3) . As specific examples of this type of function, various hsp70s have been implicated in maintaining substrates in a translocation-competent conformation (4-6), assembling and disassembling multimeric proteins (7), facilitating protein degradation (8) (9) (10) , and regulating the heat shock (hs) response (11) (12) (13) .
Despite this general consensus for the function of hsp70s, there has been no detailed analysis of how these proteins carry out this role. One way to approach this problem is to select mutations in hsp70 genes and to analyze those mutants that are partially defective in hsp70 function. We have carried out such studies in Escherichia coli where the analysis of hsp70 function is simplified by the fact that it contains only a single hsp70 member. We report on the selection, molecular analysis, and physiological characterization of 11 mutations in dnaK that lead to loss of some but not all functions of the DnaK protein.
MATERIALS AND METHODS
Bacterial Strains, Plasmids, and Genetic Methods. The dnaK mutations were analyzed in MC1061 (14) . Cells were grown in LB or in M9/glucose medium supplemented with all amino acids (aa) except L-methionine and appropriate antibiotics at the standard concentrations (15) . Transformations and phage P1 and A manipulations were as described (15, 16) . The rpoD-lacZ operon fusion was transferred from pJW3 into ARS45 (17) to give AJW10. To construct dnaK+/dnaKmerodiploids, dnaK-mutations were transduced into strain MC1061Aimm2ldnaK. pJW1 contains the htpG promoter fused to the chloramphenicol acetyltransferase gene and pJW3 carries an operon fusion of the rpoD hs promoter to lacZ. pDC400, pJW4, pJW7, and pEZ2, -3, -6, -9, and -10 contain fragments of dnaK that span the entire coding region of the gene (Fig. 1 (23) .
Most dnaK mutant strains are temperature-sensitive for growth at 420C and do not permit growth of bacteriophage A (24) . Both phenotypes are recessive (25) Phenotypes of dnaK Mutants. We examined the ability of the mutant strains to carry out various activities ascribed to DnaK. All of the mutant strains were defective in regulating the hs response. They exhibited a 3-to 6-fold increase in the rate of hs protein synthesis at 30'C (Table 1) , which was comparable to that exhibited by the wild-type strain at the peak of the hs response. The dnaK mutant strains were also defective in degrading puromycyl fragments and in maintaining a plasmid with a mini-F origin of replication ( Table 1) .
The basis for the phenotypic distinction between class I and class II mutants was the ability of the former to support the growth ofbacteriophage A ( 0.34 dnaK mutations are denoted by the single-letter code of a wild-type aa followed by the substituted aa and position. Transformation efficiency of mini-F plasmid pKV5110 at 300C is presented relative to that of pBR322. The efficiency of transformation of dnaK+ by pBR322 was 9.4 x 105 transformants per ug of DNA. Data for GroEL indicate the rate of GroEL synthesis at 300C relative to that of the wild-type strain at 30°C and the GroEL synthesis rate at 5 min after shift to 420C relative to that of the wild-type strain at 300C. Data are from one experiment. Experiments were repeated two to four times; values were within 10% of each other. Proteolysis is the rate of puromycyl fragment degradation 20 min after removal of puromycin normalized to the degradation rate of the wild-type strain. +, Positive result; -, negative result. ND, not determined. *The dnaK756 mutation (26) has been recently sequenced (39) .
tBinding to ATP-Sepharose is described in ref. 40. VThis mutant carries two indicated aa substitutions and an additional C-terminal mutation. §Dominant lethal mutant forms lysogens with A but not with AdnaK+.
distinguished in several additional respects from those in class II. Class I mutants permitted growth to 40°C whereas class II mutants permitted growth to only 34°C. In addition, only class I mutants exhibited a significantly higher rate of hs gene expression than the wild-type strain at the peak of the hs response (Table 1) .
We have also qualitatively examined the ability of the mutant proteins to bind ATP, by monitoring their retention on an ATP-Sepharose column. All but two of the class II mutant strains produced DnaK proteins that bound well to ATP-Sepharose (Table 1 ). The two that bound poorly (GD229 and GD341) exhibited the most severe phenotypes of the mutants analyzed, as indicated by the merodiploid analysis described below.
Merodiploid Analysis of Dominant dnaK Mutants. To determine whether the class II dnaK mutations were dominant for all phenotypes, we constructed merodiploid strains carrying mutant and wild-type dnaK genes and reexamined the phenotypes displayed by the original mutant strain ( Table 2) . Four of the class II mutants varied in the extent to which the phenotypes were dominant. The GD341 and EK171 merodiploids, at one extreme, were mutant for almost all phenotypes tested, indicating complete dominance of the mutation. In contrast, the merodiploid carrying mutations GD198, EK230, Table 1 footnote t. and C (see above) was dominant only for its A phenotype. Finally, the merodiploid carrying DN201 was recessive for all phenotypes tested including A growth. The fact that DN201 did not support the growth of AdnaK may result from a quantitative difference in the amount of wild-type DnaK. In the merodiploid, 50%o of the DnaK is wild-type whereas, immediately after infection at low multiplicity by AdnaK, very little of the DnaK is wild-type.
A Dominant Lethal Mutation in dnaK. We were unable to construct a merodiploid strain of GD229 by using either AdnaK or F'dnaK. To determine whether GD229 is inviable in the presence of dnaK+, we introduced into GD229 a plasmid carrying the dnaK+ gene under control of the inducible lacUV5 promoter. By changing the concentration of IPTG, we were able to correlate the viability of GD229/ dnaK+ with the amount ofwild-type DnaK. At 0.2 mM IPTG, where mutant and wild-type DnaK were present in approximately equimolar amounts, cell death ensued (see Fig. 2 ), confirming that our inability to construct merodiploid strains resulted from lethality. A merodiploid analysis performed at 0.1 mM IPTG (at this concentration of IPTG, sufficient DnaK is made to complement the dnaK756 mutation but not to kill mutant GD229) indicated that all GD229 phenotypes were dominant. tions promotes mini-F but not A replication in the presence of wild-type DnaK. This separation of activities could result from a quantitative difference in the requirements for some biochemical activity. However, since we have mutants specifically defective in each type of replication, it seems more likely that these mutational changes eliminate a discrete activity of DnaK required by each replicon, for example, release of AP from the oriA preprimosomal complex (27) (28) (29) or proper folding/oligomerization of the mini-F initiator protein RepE (19) . The Dominant Negative Phenotype. We show that dominant negative mutations occur frequently in dnaK. Dominant negative mutations usually occur in genes encoding multimeric proteins and result from mixed oligomers in which mutant subunits "poison" some of the activities of the wild-type subunit. Occasionally, dominant negative mutations are obtained in genes encoding a monomeric protein. Such a mutant protein titrates out a substrate present in limiting concentrations, rendering it inaccessible to the wildtype protein and resulting in the dominance of the mutant phenotype (30) . DnaK and other members of the hsp70 family purify as monomers (31), suggesting a monomeric unit as the functional state. However, there are indications of a higherorder state; hsc70 binds clathrin triskelia as a trimer (32) and binding protein BiP/GRP78 exists in functionally distinct interconvertible monomeric and oligomeric forms (33, 34) . The merodiploid phenotype of GD229 provides strong genetic support for the proposal that DnaK exists in a multimeric state or that monomers functionally interact. In this mutant, overproduction of wild-type DnaK to a concentration equivalent to that of GD229 results in cell death (Fig. 2) (Fig. 1C) . All of the class II (dominant negative) mutants and one of the class I mutants contain a mutational change affecting a completely conserved aa and the remainder affect an aa conserved in 28 of 29 hsp70s (see Fig. 1 ).
DISCUSSION
Based on these findings, we believe that, in general, mutations resulting in partially functional proteins should be useful in identifying conserved domains of a protein.
The three-dimensional structure of the N-terminal 44-kDa ATPase domain of bovine hsc70 has recently been determined by x-ray crystallographic analysis (35) and is very similar to that ofrabbit skeletal muscle actin although the two proteins share only 15% aa conservation (36) . Based upon this combined structural information, Flaherty et al. (36) have inferred the aa residues crucial for ATP binding and hydrolysis. To our surprise, every one of our dominant negative mutations affects an aa expected to be involved in these processes. Moreover, although only 39 aa are identical between hsc70 and actin, three dominant negative mutations occur at such residues. In contrast, although the two class I mutations are located in the regions generally involved in the ATPase mechanism, their functions are not easily inferred from the crystal structure.
Two mutations, GD198 and DN201, are at positions expected to interfere with the hydrolysis of ATP that is postulated to occurwby attack on the y-phosphate by a water molecule H-bonded to Thr-199 (Thr-204 in hsc70). Two other mutations, GD229 and GD341 (Gly-230 and Gly-338 in hsc70), affect glycine residues proposed to be part of the adenine-binding pocket, and a third, EK230, is also likely to perturb formation of this structure. The glycine altered in GD229 (Gly-230 in hsc70) may be directly involved in forming the binding site for adenine by H bonding to a distant lysine. In addition the glycine altered in GD341 (Gly-338 in hsc70) is immediately adjacent to another glycine (Gly-339 in hsc70) that is so close to the a-phosphate of ATP that no side chain can be accommodated at this position. Gly -* Asp changes at these two positions might alter the protein conformation sufficiently to prevent ATP binding since the side chains of aspartic acid would point directly into the adenine-binding pocket. Consistent with this expectation, the GD229 and GD341 mutant proteins bind very poorly to ATP-Sepharose. Although we cannot eliminate the possibility that poor binding to ATP results from an altered conformation in the mutant proteins, our results also suggest a direct participation of these aa in the adenine-binding pocket. Finally, the glutamic acid altered in EK171 (Glu-175 in hsc7O) affects a residue inferred by analogy to actin to be involved in binding a Ca2+ ion. Although bound Ca2+ is essential for the ATPase activity of actin (37) , Ca2+ severely inhibits the ATPase reaction catalyzed by wild-type DnaK (38 Genetics: Wild et al.
The potential use of dominant negative mutants in a functional analysis of a protein has been elegantly presented (30) . Our results provide strong validation for the hypothesis that dominant negative mutants are a powerful tool for identifying and characterizing the activities of multimeric proteins. Although there are 638 aa in DnaK, the 6 aa substituted in the dominant negative mutants are those predicted from the x-ray crystallographic structure (35, 36) to be intimately involved in the central enzymatic activity of DnaK-the binding and catalysis of ATP. Surprisingly, the observation that four of these mutant proteins are still able to bind ATP suggests that some of the conserved aa can be altered one at a time without significantly changing the ATP binding site.
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